ABSTRACT Cooperative non-orthogonal multiple access (NOMA) system employs user relaying to enhance performance. Although full-duplex (FD) user relaying scheme does not incur additional bandwidth for relaying, the imperfect self-interference cancellation degrades the performance significantly. Alternatively, a virtual full-duplex (VFD) user relaying scheme can be used. In this paper, we study a cooperative NOMA system in cognitive radio scenario using VFD relaying scheme, where two half-duplex (HD) secondary users take turn to relay message of a primary user with decode-and-forward (DF) strategy. First, we derive the closed-form and asymptotic expressions of the outage probability and ergodic rate of the users. Then, we demonstrate the outage probability, ergodic rate, and ergodic sum rate performance of the proposed scheme using Monte Carlo simulations. We also provide a comprehensive comparison between the proposed VFD user relaying and existing FD and HD user relaying in orthogonal multiple access and NOMA systems. The simulation results verify the analytical results and demonstrate the advantages of the proposed VFD user relaying over existing schemes.
I. INTRODUCTION
The upcoming 5th Generation (5G) system is expected to support the massive Internet of Things (IoT) use case, where large number of IoT devices will be connected to the internet [1] , [2] . Conventional orthogonal multiple access (OMA) technique is not able to address the massive IoT use case without consuming excessive channel resource, due to the fact that each connection requires an orthogonal channel. Nonorthogonal multiple access (NOMA) technique is a promising multiple access technique to provide higher spectral efficiency by multiplexing signals of multiple users in different power levels using superposition coding [3] , [4] . For instance, in a network with two users, the user with stronger channel gain can perform successive interference cancellation (SIC) to decode its own message after decoding the message of the user with weaker channel. With the prior information, the strong user can help as a decode-and-forward (DF) relay to forward the information for the weak user. This user relaying scheme in NOMA system is also known as cooperative NOMA system [5] .
References [5] - [7] studied the cooperative NOMA system with half-duplex (HD) relay, where a dedicated time slot or channel is required for relaying phase. Reference [5] studied the impact of user pairing and analyzed the outage probability and diversity order. References [6] and [7] analyzed the achievable average rate and the outage probability of HD user relaying for independent Rayleigh fading channels, respectively. However, the HD user relaying requires additional bandwidth and reduces spectral efficiency of the system because the relaying user isolates the transmit and receive signals in two orthogonal time slots or frequency channels.
Full duplex (FD) user relaying is one of the promising solutions to avoid additional bandwidth being used for relaying [8] - [10] . Unlike the HD relay, the FD relay transmits and receives signals concurrently in the same frequency. However, the transmit signal of FD relay imposes significant amount of self-interference to its received signal. Ideally, the FD relay can remove the self-interference perfectly since the transmit signal is known by the FD relay. But, the transmit signal of FD relay saturates the analog-to-digital converter (ADC) of receiver since the power of transmit signal is much larger than its desired received signal [11] . Hence, a perfect self-interference cancellation is impossible due to the large power difference between the transmit and desired received signals. As a result, the performance of FD relay is degraded by the residual self-interference. Reference [8] analyzed the outage probability of the FD user relaying with imperfect self-interference cancellation. Reference [9] considered the impact of power split factors to the outage probability and the ergodic sum rate of the FD user relaying with imperfect self-interference cancellation. Reference [10] compares performance of HD user relaying and FD user relaying with imperfect self-interference cancellation in terms of outage probability, ergodic rate, and energy efficiency.
Alternatively, a virtual full-duplex (VFD) technique known as the distributed version of FD relay can recover the loss of spectral efficiency using only HD relay [12] . A pair of HD relays receive and transmit signals successively to imitate the operation of FD relay [13] . The physical separation between the two HD relays eliminates the receiver ADC saturation problem. In [14] , two HD relays with amplifyand-forward (AF) strategy are scheduled to receive and transmit signals alternately in a cognitive radio scenario. In the cognitive radio scenario, the users are categorized as primary user and secondary user according to their qualityof-service (QoS) requirement [15] , unlike the conventional cooperative NOMA system that order users based on their channel conditions. The proposed scheme in [14] is able to serve a pair of users with lower outage probability and higher ergodic rate than a FD relay with perfect self-interference cancellation [14] . However, the DF based cooperative user relaying using VFD technique still remains unexplored. This paper studies a cooperative NOMA system using VFD technique in a cognitive radio scenario (referred to VFD-NOMA hereinafter). In the proposed VFD-NOMA, a pair of secondary users are scheduled to receive message from a base station and take turn to relay message of a primary user with DF strategy. The closed-form expressions of the outage probability and ergodic rate of users are derived. We provide a comprehensive comparison between the proposed VFD-NOMA and the existing FD and HD user relaying schemes in NOMA and OMA systems in terms of outage probability, ergodic outage rate, ergodic rate and ergodic sum rate. Simulation results show that the proposed VFD-NOMA attains significant improvement compared to the existing schemes.
The rest of the paper is organized as follows: Section II describes the system model. Section III presents the analytical results on outage probability and ergodic rate of users. Section VI provides the simulation results. Finally, Section V concludes the paper.
II. SYSTEM MODEL
In conventional cooperative NOMA system, the users are ordered based on their channel conditions. Unlike the conventional cooperative NOMA system, we categorize the users based on their priority of services [15] . For example, a user making a voice call is given higher priority to achieve his QoS than a user surfing a website. We consider a cooperative FIGURE 1. A cognitive radio scenario, where a primary user D is given higher priority to achieve its quality-of-service (QoS) than a pair of secondary users, i.e., R 1 and R 2 . The pair of secondary users using virtual full-duplex (VFD) user relaying to assist the primary user successively.
NOMA system using VFD user relaying, which consists of a base station (BS), two secondary users, i.e., R 1 and R 2 , and a primary user (D) as shown in Figure 1 . We assume perfect SIC receiver 1 and each user is equipped with a single antenna. There is no direct link between BS and D due to physical obstruction or heavy shadowing. R 1 and R 2 are scheduled to receive signal from BS and relay signal to D alternately in HD mode using DF strategy as shown in Figure 1 . The channel coefficients between nodes are known as follows: h si denotes the channels between BS and R i , h r denotes the channel between R 1 and R 2 , and h id denotes the channels between R i and D, where i = {1, 2}. All the channels experience independent and identically quasi-static Rayleigh fading and all the channels are reciprocal. In the following, signal model of VFD-NOMA and signal-to-interference-and-noiseratio (SINR) and signal-to-noise-ratio (SNR) at the users are provided.
A. SIGNAL MODEL
The transmission protocol of the proposed VFD-NOMA is divided into three phases. During the first phase, BS broadcasts a superimposed mixture, x s (t 1 ) to R 1 and R 2 such that
containing messages x r (t 1 ) for R 1 and x d (t 1 ) for D, where α and β denote the power split factors of secondary user and primary user, respectively, and P s is the transmission power of BS. Note that α + β = 1 and α < β as D is to be served with a higher priority than R i as in [15] . The received signals at R 1 and R 2 are given by
respectively, where w i is the noise at R i and follows w i ∼ CN (0, σ 2 
where P r is the transmission power of R i , w d is the noise at D that follows w d ∼ CN (0, σ 2 ). Simultaneously, BS transmits a new superimposed mixture,
to R 2 , and the received signal at R 2 is given by
R 2 can remove the inter-user interference signal, √ P r h r x d (t 1 ) in (6) after estimating √ P r h r , using x d (t 1 ) obtained previously. After removing the inter-user interference signal, the received signal at R 2 can be rewritten as
Then, R 2 decodes x d (t 2 ) and its own message, x r (t 2 ) using SIC technique. Finally, during the third phase, R 2 relays decoded x d (t 2 ) to D, and the received signal at D is given by
B. SINR AND SNR
Based on SIC technique, R i decodes x d (t j ) first, where j = {1, 2}, and the SINR when R i detects x d (t j ) is given as
Then, conditioned on successfully decoding of x d (t j ), R i subtracts x d (t j ) from its received signal, y ri (t j ) and detect its own message, x r (t j ). The SNR to detect x r (t j ) at R i is given as
When R i relays the decoded
III. PERFORMANCE ANALYSIS
In this section, outage probability and ergodic rate of users in proposed VFD-NOMA are investigated. Outage probability is an important metric to evaluate the reliability of transmission system when the transmitter adopts fixed rate in accordance with QoS requirement of user. Meanwhile, the ergodic rate is used to evaluate the achievable rate of user when the transmitter adjusts transmission rate according to wireless channel variations. 
A. OUTAGE PROBABILITY OF USERS
In this part, we investigate outage probability of R i and outage probability of D. Let T r and T d be the predetermined target rate in accordance with QoS requirements of R i and D, respectively. For each data stream, it is defined that the outage event occurs when the achievable rate is smaller than the corresponding target rate. , because we assume that h s2 is quasi-static over the transmission period.
Theorem 1:
The closed-form expressions for outage probability of R 1 and R 2 are
and
where ů c denotes the complementary event and the channel power gain, |h si | 2 is assumed to be exponentially distributed random variables with parameters λ.
Proof of Theorem 1:
Please refer to Appendix A. Theorem 2: The closed-form expression for outage probability of D is
where the channel power gain, |h id | 2 is exponentially distributed random variables with parameters λ.
Proof of Theorem 2:
Please refer to Appendix B.
Remark 1: Theorem 1 in (12) and (13) indicate that the power split factor, α plays an important role in the outage probability at R i . Based on the Theorem 1, when α = 2 −T d , R 1 fails to decode x d (t 1 ) and R 2 fails to decode x d (t 1 ) and x d (t 2 ). Moreover, when α = 0, R 1 fails to decode x r (t 1 ) and R 2 fails to decodes x r (t 2 ). Therefore, the outage probability of R i is 1, i.e., outage occurs at R i , when α = {0, 2 −T d }.
On the other hand, Theorem 2 in (14) also reveals that the outage probability of D is 1 when α = 2 −3 T d . In addition, when α = 1, the outage probability of D is 1 because β = 0 and R i fails to decode x d (t 1 ) and x d (t 2 ). Therefore, the outage probability of D is 1 when
Based on (12), (13), and (14), when σ 2 → 0, by using lim x→∞ exp(−x) ≈ 1 − x, the asymptotic outage probability of R 1 , R 2 , and D are given by
respectively, where ρ = 1 σ 2 . Given diversity gain is defined
log ρ [17] , based on (15), (16), and (17), the diversity gain at R 1 , R 2 , and D are 1.
B. ERGODIC RATE OF USERS
In this part, we study the ergodic rates of R 1 , R 2 , and D. The instantaneous rate of R 1 is
conditioned on R 2 decodes x d (t 1 ) and
respectively. A complete transmission of proposed VFD-NOMA requires three time slots, i.e., TS = 3. Throughout the three time slots, R 1 receives x r (t 1 ), R 2 receives x r (t 2 ), and D receives x d (t 1 ) and x d (t 2 ). Therefore, the pre-log factor of each stream, µ = 1 TS in (18), (19) , and (20) is 
where
Proof of Theorem 3: Please refer to Appendix C. Theorem 4: The asymptotic ergodic rate of D is 
Given spatial multiplexing gain is defined as r = − lim 
IV. SIMULATION RESULTS
In this section, we provide simulation results to validate the analytical results. We also compare the performance of the proposed VFD-NOMA with existing schemes in terms of outage probability, ergodic rate and ergodic sum rate. The system parameters in the simulation are stated in Table 2 .
A. SCHEMES FOR COMPARISON
In this paper, comparisons of the proposed VFD-NOMA with four existing schemes are provided. The existing schemes used for comparison are cooperative NOMA system with half-duplex technique (HD-NOMA) [6] and full-duplex technique (FD-NOMA) [9] and cooperative OMA system with half-duplex technique (HD-OMA) [13] and full-duplex technique (FD-OMA) [19] . Unlike the proposed VFD-NOMA, the existing schemes for comparison consist of only one VOLUME 7, 2019 , and x d (t 2 ) in orthogonal time slots, i.e., time division multiple access (TDMA), with an equal power allocation. For the sake of fairness in total transmission power, the transmission power of BS with OMA, P s,o = P s /2, i.e., 0.5 W. More detailed scheme descriptions of comparable schemes can be found in Appendix E. Refer to Tables 4 and 5 in Appendix E, the required time slots for a complete transmission, TS in the existing HD-NOMA, FD-NOMA, HD-OMA, and FD-OMA are 4, 2, 6, and 4, respectively. For each scheme, the pre-log factor of each stream, µ varies inversely with TS, i.e., µ = 1/TS. The following curves for comparisons of HD-NOMA, FD-NOMA, HD-OMA, and FD-OMA are from simulation expressions in [6] , [9] , [13] , and [19] , respectively. Figure 2 shows the outage probability of secondary users R 1 and R 2 in the proposed VFD-NOMA and secondary user R in the existing schemes. Based on Theorem 1, the outage probability of R 1 and R 2 in (12) and (13), respectively, are identical because h s1 and h s2 are independent and identically distributed. The exact analytical curves for outage probability of R 1 and R 2 when T = 0.1 and 1.0 bits/s/Hz are plotted and shown to precisely match the Monte Carlo simulation results. From the figure, the proposed VFD-NOMA with higher µ achieves lower outage probability than the existing HD-NOMA, i.e., 1/3 versus 1/4. Conversely, due to the residual self-interference, FD-NOMA with the highest µ, i.e., 1/2, among all the schemes undergoes the highest outage probability. Note that the allocated power of BS to x r (t j ) in cooperative OMA system is higher than the cooperative NOMA system, i.e., 0.5 W versus 0.05 W. As a result, the existing HD-OMA achieves lower outage probability than the proposed VFD-NOMA and HD-NOMA. With the same reason, the existing FD-OMA achieves lower outage probability than the existing FD-NOMA, and the proposed VFD-NOMA when SNR < 20 dB. Figure 3 shows the outage probability of primary user D in the proposed VFD-NOMA and existing schemes. The exact analysis curves for outage probability of D in (14) is plotted and it precisely matches the simulation curves of the proposed VFD-NOMA when T = 0.1 and 1.0 bits/s/Hz. From the figure, the proposed VFD-NOMA with lower µ outperforms FD-NOMA at high SNR regime, i.e., SNR ≥ 20 dB. This is because the residual self-interference limits the performance of FD-NOMA at high SNR. Meanwhile, the proposed VFD-NOMA with higher µ achieves lower outage probability than HD-NOMA, HD-OMA, and FD-OMA. From Tables 1 and 3 , the outage events of the proposed VFD-NOMA with R 1 and R 2 is more than HD-NOMA with only one R. As a result, the proposed VFD-NOMA has a higher outage probability compared to the existing HD-NOMA when T is low, i.e., T = 0.1 bits/s/Hz. Meanwhile, with higher µ, HD-NOMA and FD-NOMA attain lower outage probability compared to HD-OMA and FD-OMA, respectively. Note that the allocated power of BS to x d (t j ) in cooperative NOMA systems is also higher than the cooperative OMA systems, i.e., 0.95 W versus 0.5 W. Figure 4 shows the ergodic rate of secondary users R 1 and R 2 in the proposed VFD-NOMA and secondary user R in existing schemes. The sum of exact analytical ergodic rate curve for R 1 and R 2 in the proposed VFD-NOMA is plotted and it closely matches the simulation curve of the proposed VFD-NOMA. From the figure, the proposed VFD-NOMA attains higher ergodic rate than the comparable schemes when SNR ≥ 25 dB. This is because generally the proposed VFD-NOMA has a higher µ than HD-NOMA, HD-OMA, and FD-OMA. At the same time, the residual self-interference of FD-NOMA and FD-OMA degrade their ergodic rates significantly at high SNR. Note that the allocated power of BS to x r (t j ) in cooperative NOMA system is lower than the cooperative OMA system, i.e., 0.05 W versus 0.5 W. Therefore, the proposed VFD-NOMA achieves lower ergodic rate than HD-OMA and FD-OMA when SNR < 25 dB and 20 dB, respectively. Similarly, HD-NOMA and FD-NOMA achieve lower ergodic rate than HD-OMA and FD-OMA, respectively. However, HD-NOMA with higher µ than HD-OMA achieves higher ergodic rate when SNR ≥ 35 dB, i.e., 1/4 versus 1/6. Figure 5 shows the ergodic rate of primary user D in the proposed VFD-NOMA and existing schemes. The asymptotic ergodic rate of D in (14) is plotted and it matches well the simulation curve of the proposed VFD-NOMA when SNR ≥ 20 dB. The proposed VFD-NOMA with higher µ achieves higher ergodic rate than HD-NOMA, HD-OMA, and FD-OMA. Note that due to the residual self-interference, FD-NOMA with higher µ than the proposed VFD-NOMA attains lower ergodic rate than proposed VFD-NOMA when SNR ≥ 25 dB. Meanwhile, HD-OMA achieves higher ergodic rate than the proposed VFD-NOMA and HD-NOMA when SNR ≥ 35 dB and 25 dB, respectively. This is because in cooperative NOMA systems, secondary user R i or R have to perform SIC and the SINR when R i or R decode x d (t j ) limit the ergodic rate at high SNR when target rate T d is high. Figure 6 shows the ergodic sum rate of proposed VFD-NOMA and the existing schemes. The ergodic sum rate analysis in (24) is plotted and it matches the simulation curve when SNR ≥ 20 dB. The proposed VFD-NOMA achieves a higher ergodic sum rate than HD-NOMA because µ of proposed VFD-NOMA is higher than HD-NOMA, i.e., 1/3 versus 1/4. The proposed VFD-NOMA outperforms FD-NOMA when SNR > 15 dB. The reason is that the residual self-interference in FD-NOMA degrades its performance at high SNR. When SNR ≥ 10 dB, the proposed VFD-NOMA achieves a higher ergodic sum rate than HD-OMA and FD-OMA due to the higher µ of the proposed VFD-NOMA compared to HD-OMA and FD-OMA. Figures 7, 8, and 9 show the impact of self-interference on outage probability of R, outage probability of D, and ergodic sum rate, respectively, when SNR = 30 dB and T r = T d = 1 bits/s/Hz. The self-interference cancellation factor, K shows the level of residual self-interference. For instance, K = 0 means perfect self-interference cancellation technique is adopted and no residual self-interference, and K = 0.6 means 40% of self-interference is canceled and 60% of self-interference remains. It is obvious that when K ≥ 0.05, i.e., 5% of self-interference or more remains, the proposed VFD-NOMA outperforms FD-NOMA and FD-OMA in terms of outage probability of R, outage probability of D, and ergodic sum rate. Moreover, at K = 0, the proposed VFD-NOMA delivers a lower outage probability at D if compared to FD-OMA.
B. RESULTS OF OUTAGE PROBABILITY

C. RESULTS OF ERGODIC RATE
D. IMPACT OF SELF-INTERFERENCE CANCELLATION FACTOR, K
V. CONCLUSIONS
In this paper, we studied a cooperative NOMA system with VFD user relaying technique, where a pair of HD secondary users act as relays to serve a primary user alternately. The primary user is served with higher priority than the pair of secondary users. We first derived the closed-form expressions for outage probability and ergodic rate of users. Then, the analytical results are validated with simulation results. We also demonstrated the advantages of the proposed VFD-NOMA over the existing schemes. The performance of the secondary and primary users in the proposed VFD-NOMA are verified in terms of outage probability, ergodic rate and ergodic sum rate. From the simulation results, the proposed VFD-NOMA outperforms the existing schemes, i.e, HD-NOMA, FD-NOMA, HD-OMA, and FD-NOMA. This is mainly contributed by the perfect inter-user interference cancellation between the two secondary users. Furthermore, the pre-log factor of each stream in the proposed VFD-NOMA is higher than HD-NOMA, HD-OMA, and FD-OMA. The higher prelog factor eventually provides better spectral efficiency to the users. Finally, the power split factors in NOMA schemes allow more flexibility in power allocation of messages compared to OMA schemes. As future work, the imperfect SIC receiver and adaptive power split factors can be further investigated.
APPENDIX
A. PROOF OF THEOREM 1
The outage probability of R 1 is given by
Given probability density function (PDF) of are obtained as follows:
By substituting (26) and (27) into (25), the closed-form expression for outage probability of R 1 in (12) is obtained.
On the other hand, the outage probability of R 2 is given by 
B. PROOF OF THEOREM 2
Given the probability that D can decode x d (t 1 ) from R 1 successfully and D can decode x d (t 2 ) from R 2 successfully are
respectively. The outage probability of D is given by
By substituting (28) and (29) into (30), the closed-form expression for outage probability of D in (14) is obtained.
C. PROOF OF THEOREM 3
A closed-form expression for ergodic rate of R 1 is given by
where A closed-form expression for ergodic rate of D is not obtainable. Alternately, an asymptotic ergodic rate of D at high SNR is achievable. At high SNR regime, the instantaneous achievable rate in (20) can be written as
Given the PDF of
λ and the asymptotic ergodic rate of D is
Using log 2 (x) = ln(x) log 2 (exp(1)) and [18, eq. (4.337.2)], signals simultaneously. The transmission of HD-NOMA and FD-NOMA are shown in Table 4 .
On the other hand, in HD-OMA and FD-OMA, BS broadcasts x r (t 1 ), x r (t 2 ), x d (t 1 ), and x d (t 2 ) in orthogonal time slots, i.e., time division multiple access (TDMA). In HD-OMA, D needs four time slots to receive x d (t 1 ) and x d (t 2 ) and two more time slots are needed for R to receive x r (t 1 ) and x r (t 2 ). Meanwhile, in FD-OMA, D needs two time slots only to receive x d (t 1 ) and x d (t 2 ), because R operates in FD mode. The transmission of HD-OMA and FD-OMA are shown in Table 5 .
1) SINR AND SNR OF COMPARABLE SCHEMES
Based on SIC technique, the SINR and SNR of HD-NOMA and FD-NOMA when R decodes x d (t j ) and x r (t j ), i.e., γ R,d and γ R , are listed in Table 6 , where h sr ∼ CN (0, λ) and h FD ∼ CN (0, λ) denote the channel between BS and R and self-interference channel, respectively. K P r |h FD | 2 is the residual self-interference [9] , where K is self-interference cancellation factor and P r is transmission power of R. On the other hand, the received SNR at R in HD-OMA and FD-OMA, γ oR are listed in Table 7 , where P s,o = P s /2 is the transmission power of BS in HD-OMA and FD-OMA. Meanwhile, the SNR of HD-NOMA, FD-NOMA, HD-OMA, and FD-OMA when D decodes x d (t j ) from R are
where h rd ∼ CN (0, λ) denotes the channel between R and D.
2) OUTAGE PROBABILITY OF COMPARABLE SCHEMES
For HD-NOMA and FD-NOMA, outage probability of each stream at R and D are
respectively, where TS is the required time slots for a complete transmission. TS of HD-NOMA and FD-NOMA are 4 and 2, respectively, as given in Table 4 . Meanwhile, for HD-OMA and FD-OMA, outage probability of each stream at R and D are
where TS of HD-OMA and FD-OMA are 6 and 4, respectively, as given in Table 5 .
3) INSTANTANEOUS SUM RATE OF COMPARABLE SCHEMES
The instantaneous sum rate of the cooperative NOMA system, i.e., HD-NOMA and FD-NOMA, and cooperative OMA system, i.e., HD-OMA and FD-OMA, are
respectively.
